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I Jeparan sulfate proteoglycans play a pivotal role in tissue 
unction, development, inflammation, and immunity We 
lave Identified a novel cDNA encoding human heparanase 
m enzyme thought to cleave heparan sulfate in phvsioloov 
ind disease, and have located the HEP gene on" human 
rhromosome 4q21, Monoclonal antibodies against human 
leparanase located the enzyme along invasive extraviilous 
rophoblasts of human placenta and along endothelial cells 
n organ xenografts targeted by hyperacute rejection, both 
iUes of heparan sulfate digestion. Heparanase deposition 
rt'BS evident in arterial walls in normal tissues; however 
^-ascular heparan sulfate cleavage was coincident with 
heparanase enzyme during inflammatory episodes These 
findings suggest that heparanase elaboration and control of 
catalytic activity may contribute to the development and 
pathogenesis of vascular disease and suggest that hepara- 
nase intervention might be a useful therapeutic target. 

Key words: heparanase/heparan sulfaie/hvperacuie rejection/ 
placenta/xenocrafis / 



Introduction 

Heparan sulfaie proteoglycans are found on cell surfaces and 
"^ extracellular matrices where they panicipaie in criiical 
^oecular mieraciions innuencing eel! adhesion, cell faie 
^tu a„on oi vascular function, lipoprotein metabolism, and 
mmune responses (Kjellen and Lindahi. 1991: Ihrcke ci al 
'yy3. Rosenber. ci aL. 1997: LindahJ ci uL. 1998). In a broad 
^nse heparan sulfate might be thought to establish and main- 
19^0.^/^ '''''"'''''^'* -^l^'e of cells and tissues (Plan n al.. 
acid rl alternating glucosamine and hexuronic 

su ?n r?""' "'"^^^^d ^"J^^'ion and epimerization. heparan 
-la le glycosaminoglycans display an extraordinary diversity 
I'goi.^'u Jig^nds (Salmi Vina aal.. 1996: Rosenberg 
coao;;i ^ Heparan sulfate is thought lo promote ihe ami- 
cndo^h.r ■ ^'nnox.dant and barrier propmies of blood vessel 
iator\ '^^"^^'^""^ ^"d activating enzvmes and regu- 



molecules. preventing the formation of' occlusive 
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vascular thrombin and protecting asainsi proieolyiic or oxida- 
tive damage (Vlodavsky et al,. 1992: Rosenberc ei al 1997- 
Stnnger and Gallagher. 1997). Heparan sulfate Wrs chem- 
okines that activate and direct the migration of Ivmphocvtes to 
antjgen-preseniing cells (Kim and Broxmever. 1*999) Heparan 
sulfate metabolism may also be critical in early exiraembrv- 
onic tissues lo allow blastocyst implantation and fetal orowth 
fl/ 1998^°^"^^"' (reviewed by Cross et al.. 1994: Careon ef 

Besides contributing to tissue homeostasis and developmem 
heparan sulfate metabolism may be linked to disease. Durino 
inflammation, the extravasation of leukocytes is linked to loss 
of heparan sulfate from endothelial cells and extracellular 
matrices (Naparstek er al., 1 984: Matzner ei al.. 1985- Fridman 
foon- Shimada and Ozawa. 1987: Ishai-Michaeli ei al 

J yyuj. Tumor cell metastatic potential also correlates with the 

; Vooo'^^x^^^'*^ ^^P^'^" proteoglycans (Nakajima et 

al.. 1988: Vlodavsky et aL. 1992). Heparanase inhibitors 
dramatically reduce the incidence of iunc iT,eiasia.ses following 
iiXiect.on of metastatic tumor cells in mice (Nakajima et af 
1983: Vlodav.sky ei al. 1988: Villanueva et qL. I989t Tumor 
angjogenesis may be promoted by reieasins heparan sulfate- 
associated growth factors sequestered in the underlying extra- 
cellular matrix, amplifying the effect of heparan sulfate deirra- 
daiion (Vlodavsky et al. 1988: Weiss et al. 1988- Ishai- 
Michaeli al. 1990). Immune cell interactions can be 
bolstered m vitro by heparan sulfate as shown bv increasing T 
cell proliferation and cytoioxiciiy and by sumulatin« aniio^n- 
presenting ceils (Wren.shall et al. 1991. 1994^. 

Heparan sulfate proteoglycans might be shed from cells and 
tissues by one or more of four mechanisms: (I) proteolytic 
c eavagc of the protein core. (2) phospholipase-mediated 
cleavage ol a lipid anchor. (3) release of peripheral membrane 
proteoglycans hy disruption of ionic inieraciions. and (4) 
cleavage of glycosaminoglycan chains bv endoglycosidases 
Brunner ei al. 1991: Bemfield et al. "l992: Yana.ishiia 
W2: Vanagjshita and Hascall. 1992: Ihrcke and Plali.^996» 
Of these, glycosaminoglycan cleavage would be expected 10 
have the most profound impact on tissue phvsiologv. since it is 
predominantly the glycosaminoglycan chains that confer 
biological lunctton 10 heparan sultate proieoslvcans (Salmi- 
mo'!.''' ''J"^'^'^^'' S*'"*"-^^ Gallagher. 1997: Lindahi et al 
1998). Activated platelets can release heparanase at slies of 
Hiflammai.on (Oos,;, et al. 1982). Because heparan sulfate 
plays a criiical role in maintaining vascular iniegriiv and in 
developmeni. wc posiulaied thai elaboraiion of heparanase 
mighi be iighily regulated. Plaielet heparanase is inactive at 
physiological pH. hui becomes highly active at acidic pH as 
occurs during inllammaiion (Gilai et al. 199.^ Ihrckc et al 
1998). However, heparanase retains its ability 10 bind 10 

467 



L-A.Oempve.v et al. 



heparan suifaie molecules at physioloiiical pH (Ihrckc ct al.. 
t99X) and is. possibly, siored in exiraccllular domains. 

Heparanase uctiviiy has been variously aUribuicd lo proteins 
of molecular mass ranging between 4()-6() kDa (Freeman and 
Parish, i99S; Gonzalez-Siawinski ei uL, 1999: Goshen t'/ al., 
1996: Graham and Underwood. 1996: Sandbiiuk Pikas ct uL. 
1998), 10 a 9 kDa CXC chemokine CTAP-III <Hoogewert' ct 
al., 1995). or a 134 kDa endoglycosidase activity derived trom 
platelets (Oosia ci uL. 1982). The discrepancies regarding the 
identity of heparanase and the dilTiculty in obtaining pure 
heparanase preparations has precluded detailed mechanistic 
.studies on the regulation of heparanase expression and activity. 
In this report, we have begun to characterize the contribution 
ofheparana.se in health and disease by identification of human 
heparanase cDNAs and the gene encoding human heparanase. 
and by localization of heparanase protein expression in normal 
tissues and in diseased organs. 
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Fit:. 1. Orcanizuiion iit human plaick-i hepiiranase proiein. The dcducctl amino 
acid sequence preOicis a proiein (il'hl kDa. Pnxcin modi Heat it in hy cleavage 
and N-ylycosyiaiion tzencrates (he mature proiein of 55 kDa. A schematic 
representation ot ihe heparanase protein is shown above, which depicts the 
precursor .S-temiinal re'jitjntthin line) and peptide leader sequence, the mature 
protein (thick line) and clustered ba.sic regions t + ) which may contribute to 
heparan suilate recognition and binding. .Asterisks indicate putative N- 
jzlycnsylaiion sites. The Kytc-Doolittlc hydrophobicity plot ot" heparanase 
protein is shown. Immunizing peptides Hep- 1. -2. and -3 used to jieneraie anti- 
heparunase antibodies are depicted within the hydrophobicity plot. 



Result5 

Jclemificaiioti ofcDNAs efW(?dini> human heparanase 

Based upon peptide sequence derived, as previously described, 
from the purified platelet enzyme (Gonzalez-Stawinski et al., 
1999), we identified several partial cDNAs encoding human 
heparanase by searching the translated GenBank dbEST data- 
base. We obtained the full-length heparanase cDNA sequence 
by performing 5' RACE on human placental and megakaryo- 
blast cDNAs. The 543 amino acid heparanase product was 
encoded by a 1632 nt open reading frame and has a predicted 
molecular weight of 61 .168 Da. The heparanase cDNA termi- 
nated 27 nt downstream from the stop codon. which over- 
lapped polyadenylation signal, and no instability elements 
were found in the 3' untranslated region. Importantly, the 
heparanase-encoding EST sequences were selectively 
expressed in human malignancies, such as metastatic lung 
carcinomas and kidney and colon tumors, and also from ulcer- 
ative colitis colon samples, consistent with the notion that 
heparanase expression occurs in metastatic and inflamiTfeiory 
diseases. 

The predicted heparanase amino acid sequence revealed 
several relevant features that are shown in Figure 1. BLAST 
searches of the protein database or translated nucleic acid data- 
bases failed to reveal any known protein of similar sequence. 
Hiieman et a/! (1998) and Cardin and Weintraub (1989) identi- 
fied heparin- or heparan sulfate-binding protein consensus 
motifs XBBBXXBX and XBBXBX, thought to be important 
for ionic interactions with glycosaminoglycan ligands. Human 
heparanase contains two resions of clustered basic amino 
acids. 272-278 (PRRKTAKM) and 157-162 (QKKPKN), 
which conform to these binding motif patterns (Figure 1). The 
highly basic peptide KRRKLRV, amino acids 426-432, is also 
present in heparanase protein. Platelets release heparanase as a 
55 kDa soluble enzyme, suggesting that protein processing 
may occur to produce the mature enzyme. Hulett et at. (1999) 
reported processing of the precursor heparanase between 
amino acids 1^57-158 to give the mature product. Six putative 
N-glycosylaiion sites are present in the heparanase conceptual 
sequence. We have shown, previously, that purified hepara- 
nase binds to Concanavalin A (Gonzalez-Stawinski et al.., 



1999). suggesting that one or more glycosidation sites may be 
used in vivo. 

Verification of the protein product usint^ ami -heparanase 
antibodies 

To confirm the identity of the heparanase cDNA and proiein 
product we developed affmiiy-purified rabbit antibodies and 
mouse monoclonal antibodies and tested the ability of the anti- 
bodies to recognize native and denatured forms of platelet 
heparanase. Anti-heparanase antibodies were generated by 
immunizing mice and rabbits with the peptides KLRVYLH- 
CTNTDN "(amino acid residues 430-442), CKYGSIPPD- 
VEEK (amino acids 128-140) and TKVLMASVQGSKRRK 
(amino acids 417—131) in the conceptual translated sequence, 
which were predicted to be solvent-accessible by the Kyte- 
Doolitile protein hydropathy algorithm (Kyte and Doolittle, 
1982) (Figure 1). The highly basic peptide I epitope was found 
within one of the endoLysC peptides obtained from purified 
mature heparanase protein (Gonzalez-Stawinski et al., 1999) , 
and may comprise part of the heparan sulfate substrate binding 
site (Figure 1). Antibody specificity was confirmed by four 
lines of evidence. Affinity-purified rabbit polyclonal and ; 
murine monoclonal anii-heparanase antibodies recognized the 
native heparanase proiein in ELISA assays, and binding was ^ 
inhibited by the aforementioned synthetic peptide (Figure 2A). 
The affinity-purified rabbit antibody and several monoclonal ^ 
antibodies also recognized denatured heparanase protein in 
western blots (Figure 2B). Antibody depletion by affinity-;-' 
peptide chromatography using the immunizing peptide 
removed all antibodies reactive against the partially purified^^ 
heparanase as assayed by ELISA and by immunostaining); 
human placental tissue sections (not shown). Murine nionc^ 
clonal anti-heparanase antibodies were tested for their abiliq^ 
to inhibit heparanase endoglycosidase activity in platelejg 
extracts, which is a more stringent test of antigen recognitio^ 
To assess the effect of anti-heparanase antibody on enzym« 
activity, we preincubated platelet lysates in heparanase assa^ 
buffer (pH 6.5) with purified anti-heparanase antibodies 
subsequently, assayed for endoglycosidase activity by incub§ 
tion with -H-heparan sulfate covalently linked to Sephar^g 
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:^ beads. Several independenily-isolaied anii-heparanase mono- 
-clonal aniibodies. Hep6A and Hep]2.K reduced heparanase 
p; activity as measured by the release of ^H-heparan sulfate to 
^■31% or 609( of the no antibody-treated control, respeciivelv 
|J (Figure 2Cj, whereas an antibody isotype coniroL 2C1 8, which 
g recognizes unrelated complement factor C5, did not diminish 
^. heparanase activity. Heparanase activity released bv human 
^ megakaryocyte cell line CHRF-288 was similarly reduced bv 
preincubation with the anti-heparanase Hep6.A and Hep 12.'] 
monoclonal antibodies to less than 50% of the mock-treated or 
"w** shown). The failure of anti-heparanase anti- 

V bodies to completely inhibit enzyme activity may reflect 
recognition of an epitope distinct from the activi site. Alierna- 
^ tiveiy, the inability to completely inhibit enzyme activity may 
^ -rettect diminished binding of the aniibodies at pH 6.5 owing to 
^ confonrriational change of the antibodies or protonaiion of the 
g histidme residue in the antibody binding site of the heparanase 
protein. 

^^calizaiion of the human heparanase }>enc 
|To identify the gene encoding heparanase. a human chromo- 
|somal library composed of P) -derived artificial chromo.somes 
f=(I X lO-' clone array with an average insert size of 120 kb 
(ioannou ei aL. 1994)) was screened by hybridization to 
-neparanase cDNA probes. We identified five independent 
■ AC genomic clones that contained overlapping human HEP 
-iene segments. We mapped the HEP gene encoding hepara- 
;^e 10 a single locu.s on chromosome 4q2 1 (Figure 3) by 11 uo- 
^eni /// .V//// hybridization of metaphase chromosomes from 



human peripheral blood leukocytes. No hybridization signals 
were observed in other chromosomes. The chromosomal 
assignment was confirmed b\ perfonning two-color FISH 
analysis using a probe specific for the centromere of chromo- 
some 4 in conjunction with the heparanase-specific probe (not 
shown). A total of 80 metaphase cells were analyzed with 77 
(96%) demonstrating specific labeling. The murine HEP gene 
was localized to the E3-E5 region of mouse chromosome 5, 
which is syntenic to the centromere-proximal arm of human 
chromosome 4. 

Heparanase expression in human tissues 

Northern hybridization was peiformed to identify heparana.se 
expression in various tissues and cell lines. A moderately 
abundant heparanase mRNA transcript, approximately 0.92 kb 
in size, was detected by a 3' heparana.se probe in all tissues 
examined fFigure 4Aj. However, placental li.ssues, which 
express abundant heparanase activity, contained 1.8 kb and 5.0 
kb heparanase tran.scripts, which are large enough to encode a 
putative heparanase precursor protein and appear to be upreg- 
ulated relative to the 0.92 kb transcript fFigure 4A). Trace 
amounts of the J. 8 kb transcript can also be visualized in the 
other tissues upon longer exposure, compatible with low-level 
heparanase expression, which might contribute metabolic turn- 
over of cell-associated heparan .sulfate within the endosomal- 
lysosomal compartment of cells expressing endogenous 
heparan sulfate proteoglycans, as .suggested bv ^'anagi.shita 
and Ha.scal! (1992). Because heparana.se aciiiitv has been 
linked to tumor metastasis, we analyzed heparanase expression 
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Fig. 3. The human HEP gene is locaied on chromosome 4q2 ! . The gene 
encodini; hepaninase is located at a single locu.s on chrnmusome 4q2! (FITC- 
siainini:). TTie chromosomal assignmeni was conrirmeU by cohybridization 
with a t'hromosome 4 ccniromere-specific probe (Texas red siainingj. 
Chromosomes were visualized with DAPl. 

within a panel o!' human cancer cell lines (Fiiiure 4B). Tran- 
scripts of 0.92 kb. 1.8 kb. and 5.0 kb were also detected by the 
3' heparanase probe (Figure 4B). The 1.8 kb transcript was 
disiincily present in each cell line examined, as was the 5.0 kb 
transcript except in Raji and HL-60. However, in all cases, the 
0.92 kb 3'-iranscript was the most abundant mRNA species 
found. The 0.92 kb transcript detected in steady-state RNA 
populations by the 3' heparanase probe may represent a stable 
but nonfunctional mRNA species, as the heparanase open 
reading frame exceeds this transcript size. However, an 
altemaiive-splice variant has not been ruled out. Alternative 
splicing or polyadenylaiion may produce the 5.0 kb transcript. 

Localizafion of heparanase in hitman placental tissues 

Because we found differences in heparanase expressioiT'in 
placenta, and because placenta tissue is an abundant source of 
heparanase activity, we sought to locate heparanase protein in 
human placenta. Human placenta obtained by Cesarean section 
was stained with either anti-heparanase (Hep 1. 1 A) or anti- 
heparan sulfate (HepSS-1) monoclonal antibodies and then with 
RTC-conjugated anti-mouse IgM antibodies. Heparanase 
expression was evident in both extravillous trophoblast cells, 
which form the interface between fetal and maternal decidual 
tissues, and in syncytiotrophoblasts of the floating villi, which 
separate maternal and fetal blood supplies (Figure 5A,C). 
Diffuse heparanase staining was observed within villi cytotro- 
phoblasis (Figure 5C). Intense heparanase antibody staining 
occurs in or near endothelial cells lining feiai aneries and capil- 
laries within the villi (Figure 50. Similar heparanase staining 
patterns were observed using rabbit anti-heparanase polyclonal 
antibodies (data not shown). Placenta stained with antibody 
preparations that had been immunodepleted were negative (not 
shown). We also localized heparan sulfate in placental tissues 
using an anti-heparan sulfate primary antibody, HepSS-1 
(Figure 5D). Intense heparan sulfate deposition surrounds large 
fetal aneries. where heparan sulfate proieogl\c:ins, notably 
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Fig. 4. Heparana.>ie mRNA expression. Nonhem hybridization of poiyiA)* 
mRNAs revealed heparanase- specific transcripts of 0.92 kb. 1 .8 kb. and 5.0 kb 
in normal human tissues and in human cancer cell lines. i\) Heparanase 
expression in normal human tissues. (B) Heparanase expression in human 
tumor cell lines: melanoma C36L lung carcinoma A549. colorectal 
adenocarcinoma SW480. Burkiti's lymphoma Raji. lymphoblastic leukemia 
.V10LT-4. chronic myelogenous leukemia K-562. cervical adenocarcinoma 
Hela S3, and promyelocytic leukemia HL-60. (C) 0-aciin expression in normal 
human tissues. (D) p-aciin expression in human cancer cell lines. 

perl ec an, are found in the extracellular matrix basement 
membranes. Much less intense heparan sulfate staining was 
visible within the trophoblast cells lining fetal villi. 

Heparanase expression in immune and inflammafory disease 

Heparanase and heparan sulfate were locaied in tissues from 
porcine organs undergoing rejection following xenotransplan- 
tation into baboons (Piatt, 1997), In organ transplantation, 
hyperacute rejection mediated by anti-donor antibody and 
compiemeni is associated with platelet aggregation and release 
of granular contents with concomitant endothelial damage 
(Piatt et aL, 1990b; Piatt, 1996; Daniels and Piatt, 1997; Piatt, 
1997). Using an in vitro model for hyperacute rejection, we 
have found that heparan sulfate is shed from porcine endo- 
thelial cells upon exposure to human serum, a source of xeno- 
reactive antibodies and complement (Piatt et aL. 1990b; Ihrcke 
and Piatt, 1996). Similar vascular injury to endothelial cells 
can occur in vivo, where -50% of metabolically labeled' 
glycosaminoglycan chains are lost upon reperfusion of the 
donor organ within the recipient animal, and that administra 
tion of nonanticoaguiant heparin can prevent both release o 
the glycosaminoglycan molecules and prolong graft survivr 
(Stevens e/ a/., 1993). - 

We have postulated that inflammatory conditions indu . 
both the release of platelet heparanase and activation 9 
heparanase catalytic activity by lowering the pH of th 
vascular microenvironment (Ihrcke et al., 1998). To examin 
this hypothesis in vi\*o, we analyzed porcine hearts undergoih 
hyperacute rejection for platelet aggregation, heparanas 
expression, and loss of vascular heparan sulfate. Blood vessc 
in a normal porcine heart arc devoid of platelet aggregates.^. 




5. Heparanase expression in human placental tissue. Heparanase protein 
delected in tissues by indireci immunofluorcsence using affintt>'-puriried 
^-conjugated goat anti-mouse IgM antibodies lo localize the primar>- 
E^icpl.lA anii-heparanase antibody. Heparan sulfate glycosaminoglycans were 
T^|*o localized by indirect immunofluorescence using HTC-conjusaied 
"jecondar>' antibodies to detect the primarv- murine IgM antibody HepSS-1 . 
i) Heparanase localization in extravillous trophoblasts in placenul anchoring 
Erythrocytes arc visualized by their auiofluorescence. (B) Placental H&E 
'icction showing placental tissue architecture: s\Ticytioirophoblast knois are 
[■flhserved by clustered nuclei (arrow >. c\notrophobiasts demarcate the fetal 
'interface with the maternal blood supply (arrowhead). IVS. inieT%'illous space 
^Uwnaining maternal blood: fBV. fetal blood vessels. (CI Heparanase is located 
SSi or near the endothelial cells lining feial blood vessel-^ in the chorionic villi. 

Heparanase is also found in cytotrophoblasis lining the villi (arrowhead). 
^'-(D) Chorionic villi frozen section adjacent to that shown in (C) reveals a 
^^omtinuousring of heparan sulfate surrounding fetal blood vessels. Scale bars: 
;^<A).25 pm: (B). AOprn: (C) and (D).4^ \im. 

^aevidenced bv the lack of immunosiaining with ami-human 
:^>0>9. which recognizes primaie platelets but no pig structures. 

t Heparanase was observed with the subendoihelial smooth 
muscle layer surrounding blood arteries in norma) hearts 
(Figure 6A). but heparanase was noi found on the luminal 
-^blood vessel surface (inset. Figure 6A). Normal tissues 
^contained abundant heparan sulfate depo.siiion within extra- 
^^Selluiar matrices surrounding blood vessels, extending up to 
"^the endothelial cell surface (inset. Figure 6B). However, when 
examined tissues from hyperacute rejecting hearts, dense 
Jlatelet aggregates were pre.sent in blood vessel lumen (not 
^iiiown) and focal heparanase deposition was found on 
:^indotheliaI cell surfaces (Figure 6C). We asked if loss of 
^Kparari sulfate was correlated with the presence of heparanase 
i^?i> inflamed tissues. Examination of adjacent tissue sections 
:^^^monsirated heparanase deposition (Figure 6C inset) on the 
^uminal face of the blood vessel, which was coincident with 
,^oss of endothelial cell heparan sulfate staining (Figure 6D. 
g*teci arrow). Close inspection of the blood vessel surface 
:^i*vealed several nucleated cells, which appear to be trans- 
^^ing the endothelial cell boundary (inset. Figure 6C). These 
^"^^scrx'ations are consistent with heparanase activation in vivrt 
hyperacute organ rejection, and that heparanase activity 
'^*"?hi contribute to loss of vascular integrity, leading to the 
"'"'ise of organ transplants. 



Fig. 6. Platelet heparanase is released within the vascular lesions of 
hyperacutely-rejeciinp organs upon xenotransplantation. Heparanase aiid 
heparan sulfate glycosaminoglycans were localized in porcine cardiac tissues 
by indirect immuriofluorescence using FITC-conjugaied secondary antibodies 
to detect Hep I . I A or HepSS- 1 primary antibodies. The underlying 
extracellular matrix was couniersiaincd using Thodamine-conjugated rabbit 
GBM50 anti-basement membranes antibodies. (A) Normal heans contain 
heparanase within subendothelial matrices surrounding blood arteries. Inset. 
Heparanase does not appear to \x present within blood vessel lumina in normal 
biood vessels (arrowhead). (B) Adjacent normal tissue section stained reveals 
heparan sulfate deposition in aneries and along bascincnt membranes 
surrounding the myofibrils. Inset. Heparan sulfate staining extends up to the 
lumen of the blotxJ vessel, including deposition on the endothelial cell surface. 
(C) Transplanted porcine hean undergoing hx-peracuie rcicciion shows focal 
deposition of heparanase on the luminal blood vessel surface. Hyperacute 
rejection is characterized pathologically by imerstitial hemorrhaging, platelet 
aggregation, and vascular swelling. Inset. Higher magnification view showing 
heparana.sc deposition on the luminal blood vessel surface (aTrowhead). 
Several-nucleated cells can also be obser^-ed adhering to the blood vessel wall 
and appear to be iriinsversing the endothelial cell border. fDl Adjacent tissue 
section shows loss of heparan sulfate from the luminal blood vessel surface. 
Inset. The underlying basement membrane can be seen exposed ai multiple 
sites along the luminal blood vessel surtace (arrow), and is especially 
prominent in the vicinity of heparanase deposition. Magnification 4(X)x. insets 
630x; scale bar. 50 Mm. 



Discussion 

Heparan sulfate -^metabolism is a dynamic process which is 
thought to influence many facets of development and tissue 
homeostasis. Loss of heparan sulfate from cell surfaces can 
disrupt interactions between adjacent cells, pen urbing the local 
homeostatic cellular environment and inducing multiple 
cellular responses until a new equilibrium is reached. We show 
here that mature tissues, particularly those of the vascular 
svstem. arc poised to respond immediately to changes within 
local microcnvironments by the constitutive pre.sence of 
heparanase. Our finding of heparanase within quiescent tissues 
obviates the temporal lag required for dc novtt synthesis and. 
during inflammatory episodes, can amplify the local response 
by atiraciini; leukocytes to the site of damage and promote 
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diapedesis. This finding has importanl implications regarding 
ihe regulation ot heparanase such that inadvertent activation is 
;ivoided, the region of heparanase activity is constrained, and 
the duration of heparanase activation is limited to prevent 
systemic damage. 

The heparanase cDNA sequence we repon is identical to the 
sequence recently reported by Vlodavsky et al. fl999) and 
Hulett ef ai. (1999); however, we report, here, differences in 
the tissue expression of heparanase protein (hat could impact 
on its physiological role(s). Vlodavsky ci uL (1999) report 
localization of heparanase protein in primary or metastatic 
tumor tissues where heparanase might contribute to the degra- 
dation of extracellular matrices and. thereby, contribute to the 
dissemination of the tumor cells. However, heparanase mRNA 
and protein were not detected in normal tissues. In contrast. 
Northern hybridization data, shown here, suggests normal 
human tissues do express low steady-state levels of the 1.8 kb 
transcript, which is upregulaied in placental tissues where 
abundant heparanase activity is found. Increased steady-state 
levels of this i.8 kb iranscnpt were also found in several 
human cancer cell lines, as shown here and in lymphoid 
tissues, such as bone marrow and peripheral biood leukocytes 
(Hulett er al.. \999). Under physiological conditions, 
heparanase activity may be limited to acidified membrane 
compartments, such as the lysosome. where heparan sulfate 
proteoglycans may be degraded to achieve steady-state levels. 
Under conditions of innammaiion. heparanase may be secreted 
bv platelets or leukocytes into local blood vessel lumen, 
compromising vascular integrity and allowing the passage of 
blood-borne cells into interstitial spaces. In addition, inactive 
forms of heparanase protein may be tethered to extracellular 
matrices. We repon, here, fmding heparanase protein in 
subendoihelial locations in both normal tissues and tissues 
undergoing humoral-induced vascular rejection episodes. 
Antibodies against N-terminal peptides found in the precursor 
domain did not recognize heparanase protein within placental 
or heart tissues in immunofluorescence experiments, 
susgesiing that the tethered heparanase molecules are nftt 
unprocessed precursors but might be mature protein (data not 
shown). We would postulate that heparanase may be activated 
in inflamed tissue as local pH decreases, as discussed below. 
The loss of endothelial cell heparan sulfate in the latter tissues, 
but not the former, is consistent with heparanase activation 
under inflammatory conditions. 

The anti-heparanase antibodies used in our studies recog- 
nized peptide epitopes of the mature active protein, and were 
shown to specifically recognize denatured heparanase by 
Western immunoblots. and native platelet heparanase by 
ELISA. Moreover, by employing a stringent assay to measure 
inhibition of heparanase activity, we show the anti-heparanase 
antibodies recognize a significant fraction of active hepara- 
nase. To our knowledge, this is the first report describing anti- 
body reagents that affect heparanase activity. 

Given the detection of heparanase protein in normal tissues 
and the pathophysiologic consequences, were heparanase to be 
active, it would not be surprising that light regulatory mecha- 
nisms control- enzyme activity. We have postulated that the 
activity of expressed heparanase protein is regulated by micro- 
environmental conditions, particularly by pH. Heparanase 



binds to but does not degrade heparan sulfate glycosamino- 
glycans at physiological pH rGilat ct at.. 1995; Ihrcke et al., 
I998). Heparanase endoglycosidase activity is optimal 
between pH 5.0 and 6.5; however, the enzyme is much less 
active when the pH is above 7.0 fOosta ct ai., 19K2; Gilat ei al., 
1995; Freeman and Parish, 1998; Ihrcke c//., 199S). Hepara- 
na.se activity progressively decreases at neutral pH, but can be 
reactivated under acidic conditions (Ihrcke et al., 1998). This 
property confers an important regulator^' mechanism that may 
confine heparanase action to injured vascular sites, where 
inflammatory conditions lower the pH and are, thus, favorable 
for heparanase activity, thereby preventing systemic activation 
and inadvertent damage to distal endothelium. We have 
demonstrated, here, in pathophysiological findings of hypera- 
cute rejection, where inflammatory vascular lesions abound, 
that heparanase becomes activated on endothelial surfaces with 
the concomitant loss of heparan sulfate and vascular integrity. 

Additional mechanisms may exist to promote or inhibit 
heparanase activity in normal tissues and during development. 
Heparanase mRNA is expressed in many human tissues and 
immonalized tumor cell lines, but the pattern of expression 
differs, qualitatively, in tissues where abundant heparanase 
activity has been reported, suggesting positranscripiional regu- 
latory mechanisms act upon heparanase mRNA stability. The 
most abundant heparanase transcript found in steady-state 
mRNA populations appears to be too small to encode the 
mature protein product and lacks methionine initiation codons 
in the proper open reading frame. Regulation of heparanase 
activity may also involve competing protein interactions by 
blocking enzyme access to its substrate, as may occur by the 
ceil surface protein heparan sulfate/heparin-interacting protein 
(HIP), first identified in utenne epithelial cells and, subse- 
quentlv; found to be expressed in various epithelial and 
endothelial cells (Liu et aL. 1997). HIP binds to the same 
oligosaccharide sequence as antithrombin 111 (Liu et al.. 1997) 
and antagonizes heparan sulfate digestion by heparanase, 
presumably by competing for the same binding recognition site 
in the glycosaminoglycan chain (Marchetti et al., 1997), 
Expression of competing heparan sulfate-binding proteins 
may, in part, explain why abundant heparanase proteins are 
present in placental tissues, but adverse pathophysiological 
episodes normally do not occur during gestation; However, 
this notion raises the possibility that some complications in 
pregnancy, such as defective placenta formation in preec- 
lampsia or abnormal maternal bleeding episodes, could be, in 
pan, attributed to defective heparanase regulation. 

The development of molecular tools, as described here, to 
study heparanase expression and regulation will no doubt 
contribute to our understanding of how heparanase functions 
during development, in tissue homeostasis and in disease. The 
ability to overexpress recombinant heparanase proteins w 
allow detailed investigation of the stnictural basis govemin 
the pH-dependence of heparanase catalytic activity, Su 
knowledge can lead to the rational design of molecules, whi 
may block structural transitions or sterically- hinder the hepa 
nase catalytic active site or Hgand-binding domain, 

the 

precluding heparanase digestion of heparan sulfate, and 
be beneficial as a therapeutic intervention in disease states 



terials and methods 

hificaiioti of heparanasc cDNA clones 

aranase cDNA clones were identified by searching 
laied dbEST databases for human cDNAs capable of 
coding platelet heparanase peptides LYGPDVGQPRRK, 
VDDQTLPPLMEK, and LRVYLHCTNTDNPRYK 
nzalez-Siawinski ef o/., 1999) using the BLAST (Basic 
-1 alignmem search tool (Alischul er aL, 1990)) computer 
orithm. Three positive clones were found within the Scares 
kcenta! cDNA librao', identified as ID 257548. ID 257583, 
d ID 2601 38- and are among the cDNA collection deposited 
- the I.M.A.G-E. Consonium (Lennon ei oL, 1996: Lawrence 
vcrmore National Laboraior)')- 

7/ culture 

e human CHRF-288 megakan'oblast cell line. (Fugman et 
1990). was cuhured at 37°C in Fischer's medium (Life 
>chnoiogies. Grand Island. NY) supplemented with 10% fetal 
-vine serum (FBS), 100 U/ml penicillin-sirepiomycin, 2 ml^ 
-gluiamine. and 1 mM sodium pyruvate (Life Technologies). 

eparanase activiry assays 

eparanase activity was assayed using ^H-heparan sulfate- 
epharose beads, prepared as described previously Hhrcke ci 
L, 1998). Washed platelets were resuspended in heparanase 
r^say buffer (0.1 M sodium acetate. pH 5.0. 0.1 mg/ml bovine 
im albumin. 0.01 ^'f Triton X-100: and protease inhibitors 
mM phenylmethylsulfonyl fluoride. 10 ng/ml leupepiin. 
10 pg/ml pepstaiin A), and subjected to several freeze- 
law cycles <-70''C/37°C). Clarified lysates were obtained by 
:ntrifugation at 34.000 x ^ for 30 min at 4°C. Platelet lysate. 
300 pg protein, was added to 350 (il heparanase buffer. 50 ul 
-heparan sulfate- Sepharose beads equilibrated in the same 
uffer, and incubated at 37*^0 for 4 h. Release of ^H-heparan 
.Sulfate was quamitated by measuring the radioactivity in 
laiani fractions by .scintillation counting. Assays were 
formed in triplicate and each experiment wa.s performed ai 
it twice on separate days. Activity is reported as the mean 
lount of radioactivity (c.p.m.) relea.sed per 100 |ig protein, 
jtein concentrations were determined by the detergent- 
ipaiible Lowry protein assay (Bio-Rad. Hercules. CA) 
ting BSA as standards. 

-eneraiion of anii-hcparanasc annhodies 

fMice were immunized with a synthetic peptide conjugate (Bio- 
synthesis, Lewisville. TX) KLRVYLHCTNTDN (amino acids 
430-442) found within human heparana.sc. Responding mice 
ire sacrificed and their splenic B cells fused with F0-SP2/0 
-yeloma cells (Galfre and Milstein. 1981). Hybridoma lines 
iiing anii-heparanase antibodies were identified by ELISA 
-id cloned by limiting dilution. Isotype determination was 
'tformed using goat anii-mou.se v-chain specific or goat anii- 
;use u-chain specific antibodies (Sigma Chemicals. St. 
iiiis, MO) in ELISA reactions. Rabbits were immunized 
iing the same peptide conjugate to generate polyclonal anti- 
iies. Additional peptides CK YGSIPPDVEEK (amim> acids 
28-140) and TK VLMASVQGSKRRK (amino acids 4 17- 
31) were coupled to maleimide-aciiv;iied keyhole iimpei 
-mocyanin currier proiein (Pierce) and used to immunize 
'ce. as described above. To demonstrate the specificity of the 



anii-ncpaiaiiaac i — j 

competitive ELISA assays were performed with fixed concen- 
trations of platelet extract and anti-heparanase antibody in 
PBS, 0.1% BSA with increasing amounts of the peptide 
KLRVYLHCTNTDN. Alkaline phosphaiase-conjugaied goal 
a-rnouse IgM or goat a-rabbit IgG (diluted 1:1(XX) in PBS, 
0.1% BSA) were used to detect primary immune complexes, 
followed by incubation with disodium p-niirophenyl phos- 
phate (Sigma Chemicals). Antibody binding was quainiiiaied 
by measuring the absorbance at 405 nm. Western immuno- 
blotling was performed by resolving human platelet extracts on 
10-20% gradient denaturing poly aery lam ide gels, followed by 
transfer to PVDF membranes. Goat a-rabbit IgG or rabbit a- 
mouse IgM alkaline phosphaiase-conjugated antibodies were 
used to detect primary' immune complexes with NBT/BCIP 
reagents. To test for the ability of antibodies to inhibit hepara- 
nase activity, human platelet extracts (100 (ig) were incubated 
in the presence of anti-heparanase monoclonal antibodies ( 1 00 
pg) for 3 h. at room temperature, under conditions which are 
permissible for catalytic activity. (0.1 M sodium acetate. pH 
6.5. 0.1 mg/ml bovine serum albumin. 0.01% Triton X-lOO: 
and protease inhibitors). Aliquois were removed to tubes 
containing immobilized -^H-heparan sulfaie-Sepharose beads 
and were incubated 1 .5 h further in the presence of protein A/ 
G agarose beads, to which goat anti-mouse p-chain antibodies 
had been coupled. Following incubation, the beads were 
pelleted and the supernatant removed for assay of heparanase 
activity. Immunoglobulin isotype controls. 2C1 8. which recog- 
nizes human complement factor C5a. and mock-treated protein 
A/G beads, were tested likewise. 

Chromosomal localizaiioti of the human heparanase i;cne 

Fluorescence in sim hybridization mapping of human 
meiaphase chromosomes was performed using digoxigenin 
dUTP-labeled DNA probes, which were combined with 
sheared human DNA and hybridized to normal metaphase 
chromosomes m a solution containing 509c formamide. U)9f 
dextran sulfate, and 20x SSC. Specific hybridization signals 
were detected by incubating the hybridized slides in fluores- 
ceinaied anii-digoxigenin antibodies followed by counter- 
staining with DAPl. 

Northern blot hyhridizaiion 

Northern blots containing 2 pg poly(A>+ mRNA from normal 
human tissues or from a variety of human cancer cell lines 
(Clontech. Inc.. Palo Alto. CA) were hybridized to a 475-bp 
3-P-labeled probe, derived from the 3' end of the human 
heparanasc cDNA (coordinates 1004-1479). which was gener- 
ated bv PCR-ampiificaiion using primers Hepl. 5'- 
(rrGGCAAGAAGGTCTGGTT-3', and Hep3. 5'-GACA- 
GATTTGGAAAGTAATCC-3'. Probes were radiolabeled to a 
specific activity of KO x 10'' c.p.m./pg by random-hexamer 
primer extension (Boehringer Mannheim. Indianapolis. IN) 
and |o.-3-PldCTP (Amersham. Arlington Heights. IL). Hybrid- 
ization was performed at bX^'C in Expre.ssHyb solution (Clon- 
tech). Blots were washed twice in 2x SSC.0.059r SDS at room 
temperature, then twice in 0.1 x SSC. 0.19? SDS ai 50*'C for 30 
min. and exposed to Kodak XAR x-ray film. Tlic blots were 
subsequently stripped and reprobed with a human p-aciin 
probe for normalization oi the amount of RNA loaded per lane. 
Blois were exposed to film for 90 h with an intensifying screen 
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at -XO^C lo delect hcparanase expression, whereas exposure 
times lor deteciiniz p-aclin were 3 h. 

RNA preparation. RT-PCK. and 5*- RACE {rapid umpiijicalion 
ofDNA ends/ 

Toial RNA was prepared from CHRF-28S cells by the 
guanidinium thiocyanate method (Chomczynski and Sacchi, 
1987). Hcparanase cDNAs were synthesized using Hcp3 ami- 
sense primer and AMV reverse transcriptase (Boehringer 
Mannheim* and 3'poly(dA)-iailed with dATP and TdT. Two 
rounds of nested PCR amplification were performed with 
Expand PCR polymer:Jse i Boehringer Mannheim) using anti- 
sense primers Hep4. 5'-GATCG"aAGTTTTCATCCAC-3'. 
and Hep5. 5' GTGATGCCATGTAACTG-3', and oligo(dT) or 
an anchor primer provided by the manufacturer (Boehringer 
Mannheimt. Alternatively, human placental cDNA (Cloniech) 
was utilized as the staning material for nested PCR amplifica- 
tion and used high temperature "touchdown" PCR cycling 
conditions in a Perktn-Elmer GeneAmp960() ihermocycler 
(94°C. 30 sec: 5 cycles at 94=C for 5 sec. 72'=C for 4 m'in: 5 
cycles at 94'^C for 5 sec. 70"C for 4 min: 25 cycles at 94*^0 for 
5 sec. 68'C for 4 min). Hcparanase clones were identified hy 
producing a diagnostic PCR product of 235 bp using a Hep7 
(5'-GGCACGAGGACGCAATGAACCT-3').-Hep5 primer pair. 
The nucleotide sequence of positive clones was determined by 
the dideoxynucleotide chain termination method. 

Indirect immunojhtnrescence 

Representative specimens of human placenta (obtained by 
Caesarian section), normal porcine heart tissue, and porcine 
hearts undergoing hyperacute rejection after xenotransplanta- 
tion into baboon recipients., were snap-frozen in precooled 
i.sopeniane and stored at -85 "C until cyrosectioning. Tissue 
sections (4 um) were cut using a Leica CM 3050 cryostat and 
mounted on positively charged microscope slides, briefly heat- 
fixed, and stored at -SS'^C. Sections were acetone-fixed 10 min 
at 4°C, and postfixed for 2 min in Tris-buffered \% parafor- 
maldehyde. 1 mM EDTA. pH 7.2. Formalin-fixed, paraffin- 
embedded tissue sections were prepared by placing tissue 
specimens in 10% neuiral-butYered formalin. pH 7.2, for K8 h 
at room temperaiure, after which samples were processed and 
embedded into paraffin blocks. Tissue sections (4 \xm) were 
obtained using a rotary microtome (model 2155, Leica) and 
mounted onto positively charged microscope slides. Primary 
antibodies were diluted and applied to tissue sections including 
monoclonals Hep 1.1 A (mouse IgM anti-human hcparanase), 
HepSS-l (mouse IgM anti-heparan sulfate. Seikagaku, 
Tokyo), and BA-2 (mouse IgG anti-CD9). Secondary fluoro- 
chrome-labeled antibodies were used to delect binding by the 
primary antibodies. Affinity-purified, FITC -conjugated goat 
F(ab')2 anii-mouse IgM (1:100) or anti-mouse IgG (1:200; 
Cappel-ICN, Aurora. OH) was applied to the primary anti- 
body-stained tissue sections. A third layer of FITC-conjugated 
rabbit F(ab')2 anti-goat IgG (Cappel-ICN), diluted 1:50, and 
rhodamine-conjugaicd rabbit anti-human basement membrane 
GBM50 (diluted 1:100) were applied to tissue samples. All 
fluorochrome antibodies were preabsorbed with human and 
porcine serum prior to use. Sections were counierstained/ 
coverslipped with Vectashield-DAPI (Vector Laboratories, 
Burlington. CA) for detection of nuclei and stored in the dark 
at 4°C until microscopic evaluation usinj: a fluorescence 



research microscope (Leica DMRD). Photographic images 
were obtained utilizing a CCD digital camera (SPOT 11. Diag- 
nostic Instruments, Sterling Heights, MI). 
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cDNA. complementary DNA: c.p.m.. counts per minute: 
DAPI, 4.6-diamidino-2-phenylindole-dihydrochloride: dbEST. 
database of expressed sequence lags: ELISA, enzyme-linked 
immunosorbent assay: FISH, fluorescent in sittt hybridization: 
H&E. hexatoxylin &. eosin: HSE. heparan sulfate endoglyco- 
sidase: I.M.A.G.E.. Integrated .Molecular Analysis of 
Genomes and their Expression: kb. kilobase: kOa. kilodalton: 
ni. nucleotides: ORF. open reading frame: PCR. polymerase 
chain reaction: RACE, rapid amplification of DNA ends: SDS, 
sodium dodecyl sulfate: TdT, terminal deoxynucleotide trans- 
ferase. 
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